Understanding how environment, social factors and genetics combine to affect patterns of health is an urgent priority. Social factors that affect health patterns include race and socioeconomic status (SES), while biological factors include sex, genetics and epigenetics. The consequence of biology and environment can be observed in life expectancy data. At 25 years old, life expectancy for white men is 4.4 years greater than for African-American men. Females follow a similar pattern. Income also affects life expectancy with high income earners outliving their low income counterparts, and white males and females outliving African-American males and females by 2-4 years at every income level [1] . Environment also affects perinatal mortality. US-born African-American women experience greater rates of perinatal mortality than their foreign-born counterparts [2] . Similar patterns can be observed with multiple health conditions, including cancer, depression, diabetes and heart disease highlighting the importance of this issue [1] . What is less clear is the mechanism by which these disparities are caused. One way in which biology and environment can both leave their fingerprint is through epigenetic changes.
Epigenetics refers to the regulation of gene expression through modifications to DNA or DNA-associated proteins. Epigenetic regulation includes histone modifications, DNA methylation and nonprotein coding RNA. DNA methylation has been a particular focus of environment-mediated changes in health. Methylation changes have been associated with environmental chemical exposure [3] , race, gender [4] and income level [5] . However, epigenetic gene regulation is bigger than methylation alone.
Human and animal studies have begun to investigate environmental effects on epigenetics. While these publications are increasing, some factors need to be considered, these include tissue specificity, epigenetic specificity and transgenerational studies.
Tissue specificity
Tissue-specific epigenetic profiles are well accepted, and so it must be noted that blood cells also have cell-specific profiles. Circulating blood is a convenient source of material for epigenetic testing. It is minimally invasive to collect and can be collected multiple times over a period of time. However, development and environment changes the cellular makeup of blood.
Cellular heterogeneity may confound epigenetic results, since epigenetics differs from one blood cell to another [6, 7] . For example, neutrophils predominate blood of a newborn, but, by 2-4 years, lymphocytes are the majority population [8] . Furthermore, cord blood also varies in its cellular make up compared to peripheral blood [9] . These two factors can confound the comparison of methylation profiles from a newborn to an adult, even in the same individual. The constituents of the blood can also be changed if the individual is experiencing inflammation, an infection or high amounts of stress [10] [11] [12] . All of these factors can be influenced by an individual's SES. These differences highlight Epigenetics: where environment, society and genetics meet how developmental and environmental changes can alter epigenetic results.
The importance of different epigenetic patterns between specific cell types and whole blood will vary depending on disease or condition. Subtle differences are likely more important for multifactorial diseases, like obesity, where the environment, genetics and social factors all contribute to pathology. Furthermore, while methylation patterns may appear similar between cell types, changes in histone code or noncoding RNA may differ.
Epigenetic specificity
We believe social and environmental factors rely on epigenetics to effect biologic change. The study of how the environment affects phenotype is environmental epigenetics. A cell has many epigenetic tools to modify its gene expression in response to the environment. However, to understand environmental epigenetics, we must look beyond gene expression and protein coding regions and pay attention to regulatory and noncoding regions. This includes studying methylation and histone modifications, as well as noncoding RNA.
The majority of SES studies give a limited view of the epigenetic landscape. The majority of these studies investigate SES and changes in global methylation. Some studies have taken an extra step to investigate methylation in disease relevant genes. However, to fully appreciate the epigenetic impact of the environment, analysis must go beyond methylation. Animal models allow for a more detailed investigation of the epigenetic profile. Pena et al. analyzed DNA methylation and histone modifications of the estrogen receptor alpha gene in the brains of dams and pups in a maternal care model [13] . These types of tissue specific, detailed epigenetic studies provide a more rigorous demonstration of epigenetic consequences.
While methylation is the best studied epigenetic mark, followed by histone modifications, the composition of our DNA is telling us that RNA may be much more important. The discovery that <3% of the human genome encodes protein-coding genes was surprising to many people. But perhaps what is more astounding is that scientists have now found that approximately 76% of the human DNA is transcribed into some sort of RNA [14] . Much of the 76% is thought to have a regulatory role, including a role in epigenetics.
The role for noncoding RNA in epigenetics is just beginning to be understood; however, a number of studies indicate that RNA could be a powerful player in transgenerational epigenetics. The role for RNA as a mechanism of transfer of transgenerational phenotype come from experiments of microinjections of oliogribonucleotides into egg and sperm cells [15] . Given the established effect of environment on epigenetics, environmental factors such as those effecting SES could disrupt this process. While the role for noncoding RNA is still being investigated, many studies have begun to investigate how the environment can change the life course of multiple generations and the role of epigenetics in this process.
Transgenerational epigenetic inheritance
One of the most challenging and intriguing aspects of epigenetics is the transmission of modifications to subsequent generations. Transgenerational studies indicate that epigenetic modifications are not wiped clean for each generation, as was originally thought [16, 17] . This, transgenerational epigenetic inheritance, coupled with the environmental influences of epigenetics indicates that the environment of one generation can modify the phenotype of the following generations. This farreaching epigenetic effect indicates the importance of understanding environmental influences, such as SES, on epigenetics.
The life course approach determines how the social and environmental context of one generation can affect another. For example, a maternal grandmother's exposure to neighborhood poverty during pregnancy predicts the risk for infant low birth weight and subsequent mortality among African-American women, independent of the mother's status [18] . A detailed understanding of transgenerational epigenetics is necessary to understand this complex inheritance.
Stress is a core component of socioeconomic disadvantage. Both prenatal as well as postnatal stress has been shown to effect long-term health. Epigenetic changes in offspring exposed to maternal stress have been noted in multiple species. In Drosophila, heat stress induces phosphorylation of the transcription factor dATF-2 [19] . This leads to a loss of heterochromatin structures at several region of the genome, which is transmitted to the next generation. In mice, the early life stress of chronic unpredictable maternal separation leads to changes in behavior and alters the methylation profile in the promoter of candidate genes in the germline and brain of affected males, as well as in the germline of the offspring [20] . The licking and grooming behavior of rats has also been shown to be associated with epigenetic changes and inherited [13] .
Several additional aspects of SES have been modeled in studies of transgenerational epigenetic inheritance; one such aspect is prenatal diet. Areas of socioeconomic disadvantage are often part of food deserts, or areas with limited access to healthy affordable food [21] . This can lead to high-fat, low-nutrient diets and contribute to SES health disparity. This type of diet has negative consequences for pregnant women, as well as subsequent generations. Animal studies have shown that maternal exposure to high-fat diet results in increased body size and reduced sensitivity to insulin through two generations via both the maternal and paternal lineages [22] . This effect continues into the third generation via the paternal lineage. This transgenerational epigenetic inheritance of diet is associated with imprinted gene patterns and changes in methylation.
Transgenerational epigenetic studies have also begun to investigate the social and racial disparity in toxicant burden. Economically disadvantaged areas have an increased risk of environmental toxin exposure [23] [24] [25] . These toxins include endocrine disruptors, heavy metals, tobacco smoke and air pollution, among others. Similar to diet studies, exposure of gestating females to environmental toxins leads to increased disease for multiple generations [3] . Also associated with the toxin derived phenotype are changes in epigenetics. Several studies have found changes in differential methylation regions, which are proposed to act as biomarkers of exposure [3] .
It is clear that numerous environmental factors can contribute to an individual's epigenetic inheritance of health. The next step forward in advancing our understanding should be to integrate multiple environmental influences. This will not only create a better life course model, but the increased complexity will help to discern the causality of health disparities.
Epigenetics exists at the intersection between genetics and the environment. The goal is to use epigenetics to anticipate health in the individual and, more importantly, the population. Before this can be done, several challenges must be faced. These include investigating the nonprotein coding region of the genome, studying common diseases where the environment likely contributes to the gradation of severity, and developing new, complex models that include multiple environmental influences and have transgenerational impacts.
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Multicellular organisms are composed of hundreds of highly specialized cell types that are ultimately derived from a single cell, the zygote, which forms at fertilization. The diverse range of cell types found in each individual is accomplished through specification and differentiation of cells during embryonic and fetal development. Changes in cell specialization are achieved through complex interactions involving cell signaling, transcriptional control and establishment of mitotically heritable epigenetic modifications, which regulate global expression patterns and restrict cells to their defined lineages. Epigenetic modifications include DNA methylation and histone modifications, which establish specialized chromatin states that restrict or permit gene expression. Although epigenetic modifications provide long-term cell lineage information, they are also dynamic and can respond to influences such as developmental cues or environmental factors. This flexibility permits changes in cell differentiation and function during embryonic development, while retaining lineage information and guiding organization of the body plan. After fertilization, the zygote has the capacity to make all cell types in the body, a quality known as totipotency. As the embryo develops, cells lose totipotency and become restricted to specialized lineages. However, to ensure reproductive capacity, sexually reproducing species must maintain a population of germ cells that have the capability of regaining totipotency after fertilization. Thus, germ cells facilitate transmission of the genome and epigenome between parent and offspring in a manner that supports embryogenesis. In mammals, this is achieved in part through the ability of germ cells to remove existing epigenetic information and establish an epigenetic program that is compatible with totipotency.
Epigenetic reprogramming includes the widespread removal and re-establishment of epigenetic information, and occurs extensively in germ cells and preimplantation Transgenerational epigenetic inheritance: adaptation through the germline epigenome? Figure 1 . Germline and preimplantation reprogramming during mouse embryo development. PGCs are specified at around E7, before proliferating and migrating to the developing gonad (the genital ridge) at ∼E10.5. During migration and population of the developing gonad, PGCs undergo extensive epigenetic reprogramming that removes existing epigenetic information. The germ cells then commit to, and differentiate along the spermatogenic (male) and oogenic (female) lineages and sex-specific epigenetic information is established in the male and female germlines. After birth, germ cells complete gametogenesis, producing mature oocytes and sperm which are capable of supporting formation of a totipotent zygote at fertilization. After fertilization a second round of epigenetic reprogramming (preimplantation reprogramming) facilitates early development and lineage specification in the peri-and post-implantation embryo. PGC: Primordial germ cell. (Figure 1 ). These two reprogramming events remove existing epigenetic information and establish new epigenetic modifications throughout the genome. The first reprogramming event occurs specifically in the germline and is required to reset the epigenome prior to the establishment of sex-specific epigenetic information in the gametes [1] . The second wave of reprogramming (preimplantation reprogramming) occurs after fertilization and is required for the establishment of cell differentiation pathways that underpin embryogenesis (reviewed in [2] ). However, not all of the epigenetic information transmitted to the zygote by the sperm and oocyte is removed in the second wave of reprogramming. This parent-specific epigenetic information is required for development of the embryo and adult life, and is considered to mediate inherited epigenetic effects in the offspring. While studies investigating epigenetic reprogramming in mammals have focused on the mouse, reprogramming has also been reported in other species including the human (Homo sapiens), rabbit (Oryctolagus cuniculus), ovine (Ovis aries), bovine (Bos taurus), Caenorhabditis elegans and Arabidopsis thaliana) [3] [4] [5] .
Accumulating evidence indicates that altered programming of epigenetic information in the germline may affect offspring development and fitness. These changes may result in epigenome-genome interactions that alter gene expression patterns that favor a heritable genetic trait. On this basis it has been speculated that inherited epigenetic information can significantly contribute to an organism's ability to adapt to changing environments and hence influence evolution. In this review, we will discuss current evidence for transgenerational epigenetic inheritance and how this information may influence evolution.
Epigenetic reprogramming in the germline
Epigenetic reprogramming in germ cells is most notably defined by the genome-wide erasure and re-establishment of DNA methylation in primordial germ cells (PGCs) (Figure 2 ). PGCs are the precursor cells that develop into mature oocytes and sperm. During mouse embryonic development, PGCs are specified during gastrulation at embryonic day (E)6-7, before proliferating and migrating from the allantois to enter the developing gonads by E10.5 [6, 7] . During migration, the PGCs undergo significant epigenetic reprogramming, including the removal of DNA methylation and remodeling of histone modifications [8] [9] [10] [11] [12] . The PGCs then enter the developing gonads, and undergo further epigenetic reprogramming with DNA methylation ultimately reduced to 14 and 7% by E13.5, in male and female germ cells, respectively [13] . Additionally, reprogramming of histone modifications [14] , and exchange of histone variants occurs [12] , although the dynamic nature of these histone marks is partly attributed to fluctuations in chromatin modifications during cell cycle progression [15, 16] . These changes demonstrate extensive reprogramming in the germline, and the molecular processes involved have been covered in greater detail in recent reviews [2, [17] [18] .
At the onset of sex determination, the level of DNA methylation is at its lowest and provides an epigenetic 'clean slate' for the establishment of sex-specific epigenetic programming in the germline, including the establishment of genomic imprints. Genomic imprinting involves the epigenetic silencing, of either the paternal or maternal copy of each imprinted gene. This results in expression of alleles in a parent-of-origin specific manner [19] [20] [21] [22] [23] . Imprinted genes are marked by parental allele-specific DNA methylation that is established in the germline after sex determination. Germline epigenetic reprogramming in the mouse. Primordial germ cells are specified at ∼E7 and DNA methylation is removed during primordial germ cell proliferation and migration. Germ cells commit to male and female development and enter mitotic arrest and meiosis, respectively. Sex-specific epigenetic information is established from E13.5. In male germ cells de novo DNA methylation increases rapidly with the activation of the de novo DNA methyltransferases, while DNA methylation levels remain low throughout oogenesis. In males, spermatogenesis occurs at sexual maturity and involves the exchange of histones for protamines, and compaction of the nucleus into the sperm head. In females, oocyte maturation involves the deposition of maternal factors that are required for supporting early development in the offspring. 5mC: 5-methylcytosine. In male germ cells, DNA methylation at imprinted loci is established from E14.5. This coincides with a rapid increase in global DNA methylation levels from approximately 10% to around 50% by E16.5 through the action of DNMT3A, DNMT3B and the co-factor DNMT3L [13, [24] [25] [26] [27] [28] [29] [30] . In females, although global DNA methylation levels remain low throughout oogenesis, DNMT activity is required for establishment of maternal imprints in the female germline [24, 26, 28, [31] [32] [33] .
While germ cell epigenetic reprogramming is vital for resetting the epigenome in preparation for fertilization and embryonic development, it may also be important for germ cell development. A recent study identified 513 and 727 genes in male and female fetal germ cells, respectively, that are bivalently enriched for both active trimethylated lysine 4 on histone 3 (H3K4me3) and repressive trimethylated lysine 27 on histone 3 (H3K27me3) histone modifications [34] . Out of these genes, 147 remained 'poised' between E12.5 until at least E14.5 in both sexes, while other genes resolved to either a repressed or active state. None of the genes that resolved toward an active state were shared between the sexes, indicating a role for these epigenetic modifications in controlling expression of genes involved in germ cell differentiation and identity [34] .
Spermatogenesis
A number of epigenetic modifiers are required for male germline development and function, with loss of these factors resulting in reduced male fertility and/or an altered ability to transition through meiosis (reviewed in [35] ). In addition, epigenetic modifiers maintain epigenetic information in the gametes for utilization in the subsequent generation. This appears to be of significant importance during spermiogenesis, when histones (modified and unmodified) are exchanged for protamines to facilitate the packaging of chromatin into a sperm head, the smallest cell in the body (Figure 3 ). Since most histones are lost in this process, it may appear unlikely that transmission of histone modifications through the paternal germline would contribute to the offspring. However, a small percentage of histones are retained at specific genes in sperm of mice (∼1%) and humans (∼10%), indicating that transmission of some histone modifications could influence early development in the offspring [36, 37] . Erkek et al. demonstrated that methylated DNA is packaged by protamines ( Figure 3C ), but CpG rich unmethylated transcriptional start sites (TSSs) retain nucleosomes ( Figure 3 ) [38] . Moreover, canonical histones (H3.1 and H3.2) are exchanged for the histone variant H3.3 at CpG rich active TSS which carry H3K4me3 ( Figure 3A) . By contrast, CpG rich TSSs that are not methylated, are not transcribed and are marked by H3K27me3, do not exchange H3.1/H3.2 for H3.3 ( Figure 3B ). Interestingly, these genes that retain H3.1/H3.2 and H3K27me3 marks are primarily associated with developmental processes. Reten- -/-mice, genome-wide CpG methylation is profoundly reduced, but CGIs remain highly methylated. As no new methylation can be established in the absence of both Dnmt3a and Dnmt3l, these data suggest that CGIs are protected during PGC reprogramming. Furthermore, 15% methylated CGIs in wild-type oocytes retain DNA methylation levels ≥40%, through to blastocyst stage. This provides evidence that CGIs retain methylation during germline reprogramming, and that some of this methylation is also retained through the preimplantation reprogramming period.
Other factors that may influence maintenance and inheritance of epigenetic information are mRNAs and proteins that are deposited during oocyte growth and maturation. These factors are essential for oocyte function and early development of the embryo. Factors such as STELLA (DPPA3), ZFP57 and TRIM28 are required for the maintenance of genomic imprinting during preimplantation epigenetic reprogramming [41] [42] [43] .
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Preimplantation reprogramming
Preimplantation epigenetic reprogramming was first reported in the mouse as DNA methylation levels were observed to be lower in the preimplantation embryos, compared with the levels in mature sperm or oocytes and those found after implantation [44, 45] . More recent studies have determined the extent and timing of this reprogramming event in a variety of species [3, 4] . In the mouse the paternal genome releases protamines and is re-packaged by maternal nucleosomal histones to form the paternal pronucleus 1 h postfertilization [46] . By approximately 7-8 h postfertilization, the paternal genome appears to lose a substantial amount of DNA methylation, whereas low levels are retained in the maternal genome until E2.5 [47] [48] [49] [50] . DNA methylation levels in the blastocyst inner cell mass (ICM) are similar to those observed in the maternal pronucleus, after which DNA methylation rapidly increases as cells of the ICM undergo differentiation and begin to establish somatic lineages of the embryo.
A study by Li et al. challenged the paradigm of active global demethylation during preimplantation reprogramming using immunolocalization in preimplantation mouse embryos [51] . In this study, trypsindigestion resulted in detection of DNA methylation in one-cell and two-cell stage embryos, indicating that DNA demethylation may be less pronounced at these stages than previously thought. In other species such as Xenopus laevis (African clawed frogs) [52] and bovine [53] , very little DNA demethylation occurs in zygotes, while there is no reduction in DNA methylation in Danio rerio (zebra fish) and rabbit zygotes [53, 54] . With the caveat that analytical differences may exist, these studies suggest that preimplantation reprogramming may not occur to the same extent in all species.
Recently, Smith and colleagues used RRBS to provide a more detailed analysis of CGI methylation throughout preimplantation development in mice [55] . The authors identified dynamic changes in DNA methylation during two developmentally important stages ( Figure 4 ). Upon fertilization CGIs in the paternal genome are rapidly demethylated. This is followed by a more gradual demethylation, during cleavage, such that the level of DNA methylation is at its lowest in the ICM, before increasing postimplantation. These global DNA methylation dynamics were also identified in human embryos [56] . These genome-wide epigenetic data reveal epigenetic processes through which developmental programs are likely to be set for regulating differentiation of somatic lineages during postimplantation development.
The process of demethylation in both the PGCs and the zygote is thought to involve both passive, and active mechanisms involving TET enzymes ( Figure 5 ) [57] .
TET enzymes catalyze the conversion of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) and depletion of TET1 results in decreased levels of 5hmC and the retention of 5mC levels ( Figure 5A ) [58] . In the mature oocyte and zygote, Tet3 is present at high levels, before declining after the first zygotic division. This coincides with the majority of hydroxylation of 5mC to 5hmC in the paternal genome, which results in loss of DNA methylation after DNA replication [57] . Critically, during preimplantation epigenetic reprogramming some epigenetic modifications, including those involved in the regulation of imprinted genes, escape demethylation and maintain their methylated state into adulthood [55, 59] . Maternal factors such as STELLA and the components of the TRIM28 complex are thought to be vital for maintaining this epigenetic information during reprogramming [60, 61] .
Levels of the maternal factor STELLA are high in the early embryo and are required for preimplantation development [41] . STELLA binds to H3K9me2, which is found at maternally imprinted loci and some paternally imprinted loci, and protects imprinted genes from epigenetic reprogramming ( Figure 5B) [60, 62] . Similarly another maternal factor, TRIM28, is a scaffolding protein that recruits epigenetic machinery involved in gene silencing, such as SETDB1 and UHRF1, which methylate H3K9me3 and recruit DNMT1 and DNMT1o, respectively, maintaining methylation within imprinted differentially methylated regions (DMRs) ( Figure 5C ) [43, [63] [64] [65] [66] [67] . ZFP57 is a KRAB zinc finger protein, which recognizes and binds KRAB domains, and recruits TRIM28 ( Figure 5C ). KRAB domains are located within the majority of imprinting DMRs as well as other regions within the genome [42] . Deletion of either Trim28 or Zfp57 results in hypomethylation of some, but not all imprinted DMRs [42, 68] . Therefore, other factors and complexes may be involved in maintaining epigenetic information during epigenetic reprogramming in preimplantation embryos.
Evidence of epigenetic inheritance
Epigenetic inheritance refers to the germline transmission of epigenetic information to the somatic cells of the resulting offspring. To achieve this, the epigenetic information transmitted by the sperm and/or oocyte must escape preimplantation reprogramming and be maintained during fetal, and later development. There is clear evidence that epigenetic information is inherited from parents to offspring (intergenerational inheritance), with the strongest demonstration provided by imprinted genes. However, whether epigenetic information is transmitted over multiple generations without reprogramming in the germline is less CpG islands in the paternal genome undergo rapid demethylation, while maternal CpG islands retain methylation. DNA methylation levels are gradually reduced during preimplantation development, resulting in low methylation levels in the inner cell mass of the blastocyst. 5mC: 5-methylcytosine. Data taken from [39, 55] . Transgenerational transmission involves the transmission of germline epigenetic information over multiple generations, with epigenetic alterations being maintained and affecting transcription and/or phenotype in multiple subsequent generations. For intergenerational inheritance to occur epigenetic modifications must be perpetuated only through preimplantation reprogramming, either by 'escaping' reprogramming, or potentially, by being erased and re-written in the same context ( Figure 6B ). However, transgenerational inheritance requires epigenetic modifications to be perpetuated through both germline and preimplantation reprogramming to achieve transmission between multiple generations ( Figure 6C ). The first evidence that intergenerational epigenetic inheritance could significantly effect offspring development came with the discovery of genomic imprinting [69, 70] . Imprinting was discovered in the early 1980s through a series of zygotic pronuclear transplant experiments using genetically inbred mice [69, 70] . When two paternal, or two maternal genetically identical genomes were used to initiate development in enucleated oocytes, the embryos failed to develop. In contrast, complementation of a maternal and paternal copy of the genome supported development. These experiments led to the conclusion that the genomes in the oocyte and sperm are not identical, and the presence of both a male and female pronuclei is essential for normal development [69] [70] [71] . Genetic complementation studies (via chromosomal translocations) demonstrated that specific maternally and paternally derived regions function differently during embryogenesis [72] . It was proposed that sex-specific modification of the maternal and paternal genomes occurs during gametogenesis, a process that was referred to as genomic imprinting [69] . Indeed, the vast majority of imprinted genes in the mouse are regulated by DNA methylation that is established in a sex-specific manner during germline development [73] . This methylation is maintained through zygotic reprogramming resulting in the retention of DMRs at imprinted genes in the postimplantation embryo.
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As PGCs are derived from cells that would otherwise take on a somatic fate, the nascent germ cells carry the same DMRs and other epigenetic information as the surrounding somatic cells of the embryo [1, 74] . Therefore, germline epigenetic reprogramming ensures that each generation receives the correctly methylated allele from each parent, by erasing pre-existing DMRs and establishing new sex-specific DMRs during development of spermatogenic and oogenic lineages. Interestingly, the remethylation of germline DMRs occurs asynchronously. For example, the demethylated paternal allele of the H19 imprinting control region (ICR) becomes remethylated prior to the previously unmethylated maternal allele in male germ cells [75] [76] [77] . Transgenerational epigenetic inheritance: adaptation through the germline epigenome? Review
Similarly, in developing oocytes the maternal Snrpn allele is methylated before the paternal allele [78] . This suggests that these loci were either incompletely demethylated during epigenetic reprogramming or that other marks such as histone modifications, chromatin binding proteins or non-coding RNAs (ncRNAs) are retained in the absence of methylation to direct ordered remethylation at the appropriate sites in the developing germline. Interestingly, transcriptional activation of genes targeted for remethylation may be required to initiate de novo methylation during male germline development [79] and oocyte maturation [80, 81] . DNA methylation must also be regulated at many nonimprinted sequences. These include repeat elements and transposons, which make up a large proportion of the mammalian genome (over 45% in the human genome) [82] . It is imperative that these elements are silenced, as some of these repetitive elements cause genomic instability and mutations as a result of their mobilization and random re-integration. This is particularly detrimental when transposons insert into protein-coding genes, regulatory regions and/or cause abnormal chromosomal recombination [83] . To protect the integrity of the genome, epigenetic silencing mechanisms such as piwi-interacting RNAs (piRNAs), histone modifications and DNA methylation, have evolved to repress repetitive elements and their detrimental activity. Repeat elements such as intracisternal A particles (IAPs) show resistance to demethylation, indicating that maintenance of DNA methylation at these sites is important for stability [84] . This is supported by recent evidence demonstrating that CGIs located close to IAPs maintain their methylation state through germ cell reprogramming [13, [85] [86] . Combined, these findings suggest that the chromatin environment surrounding IAPs confer resistance to reprogramming at neighboring loci, potentially providing mechanisms for transgenerational inheritance [13, [85] [86] .
Other classes of repetitive elements include long interspersed elements (LINEs), which are generally hypomethylated in oocytes but hypermethylated in sperm; and nonautonomous short interspersed elements (SINEs), which are hypomethylated in sperm, but hypermethylated in oocytes [84, [87] [88] . Given the similarities between DNA methylation mechanisms used to silence repetitive elements and imprinted genes, it has been suggested that genomic imprinting may have adapted from host defense mechanisms used to silence invading elements [89] [90] [91] [92] [93] [94] . In support of this, most ICRs at imprinted loci are associated with direct repeats [95, 96] . This also provides evidence for the evolution of epigenetic mechanisms that regulate the genome in response to outside influences, particularly genomic invasion by foreign sequences.
This continual shaping of the genome may also provide mechanisms for adaptation to environmental pressures. Indeed, evidence suggests that the germline epigenome is subject to alteration by environmental influences, such as diet, chemical exposure and even stress [97] . Typically these effects are measured by Review Prokopuk, Western & Stringer the appearance of variable phenotypes in subsequent generations, but in many cases the molecular mechanisms underlying these effects remain unknown. As imprinted DMRs are known to be inherited and survive preimplantation reprogramming, these loci have been targets for many studies investigating epigenetic inheritance [42, 86, 98] . However, it has been suggested that due to the targeted maintenance of the epigenetic information during embryonic development, imprinted loci may be more resistant to environmental insult. Radford et al. challenged mice with caloric restriction and investigated the susceptibility of imprinted genes to expression changes in a number of different tissues over two generations [98] . Interestingly, imprinted genes, as a class, were neither more, nor less, susceptible than nonimprinted genes to expression perturbation [98] . Although a number of imprinted genes were differentially regulated in a tissue-specific manner in the F1 generation, these alterations diminished in the second (F2) generation. Out of the imprinted genes that were differentially regulated in the F1 animals, methylation at the ICRs of these genes was maintained and there were no changes in the methylation profile of these genes in sperm. On this basis the authors concluded that epigenetic programming of ICRs in the germline is not susceptible to change as a result of caloric restriction. However, as gene expression was affected by under nutrition, it remains possible these imprinted genes may be targeted for dosage modulation in the fetus as an adaptive response to adverse in utero environment [98] .
Recently studies using C. elegans have provided evidence that microRNAs regulate epigenetic inheritance, possibly by directing epigenetic machinery during reprogramming [99, 100] . Gene-specific silencing was induced by feeding C. elegans bacteria expressing double-stranded RNAs (dsRNAs). When animals carrying a histone-GFP transgene reporter were exposed to dsRNA corresponding to the GFP mRNA, the transgene was epigenetically silenced. This silencing was future science group Transgenerational epigenetic inheritance: adaptation through the germline epigenome? Review maintained after removal of the dsRNA and was inherited in over 60% of individuals for at least four generations, suggesting that this silencing was maintained through epigenetic programming in the germline [99] . The PIWI argonaute proteins, and their associated piRNAs are distinct from small-interfering RNAs (siRNAs) as they have a specific and evolutionarily conserved role in transposon silencing in the germline in many invertebrate [101] and vertebrate [102] species (reviewed in [103] ). It has been suggested that piRNAs have the ability to initiate an epigenetic memory of 'self' and 'nonself' RNA [100] . When 'nonself' foreign RNA is detected, targeted silencing occurs [104] . While a piRNA trigger initially induced the targeted silencing, both small RNA factors and chromatin regulators were required to complete and maintain multigenerational transgene silencing, including the putative H3K9me3 methyltransferases, HPL-2 and SET-25/32 [99] . Although the piRNA and siRNA systems vary between C. elegans and vertebrate species, mechanisms regulating piRNAs and histone modifications are highly conserved and may produce similar downstream silencing.
Confounding issues in the study of epigenetic inheritance
Tracing the inheritance of DNA is relatively straightforward as mutations are rare and it is easy to track the heritage of specific mutations through each generation by DNA sequencing. While the majority of epigenetic information, including DNA methylation, is mitotically stable and important for cellular identity, some aspects are more plastic and can be altered in response to different environmental stimuli. This enables cells to change, and potentially provides a mechanism for individuals to adapt to altered environments. For transgenerational epigenetic inheritance to occur, altered epigenetic states need to be resistant to reprogramming and maintained in both germline and somatic lineages ( Figure 6C ). Therefore, to identify and trace specific epigenetic mutations across generations, the epigenome in both the germline and affected somatic cells must be examined in each generation. In addition, to test the effect of a specific environmental factor on the epigenome in a founding individual, the environment that each subsequent generation is exposed to must be free of the stimulus of interest, and other confounding factors. For example, to examine the effect of maternal diet, it is necessary to distinguish between the effect a mother's diet has on the germline of the fetus, and the effect on the somatic cells of the offspring that may induce confounding factors in the following generation. These confounding factors may in turn, affect outcomes in the following generation.
Similarly, a single stimulus may cause a cascade of gene expression changes that are relayed through networks of genes to result in the observed phenotype. Clearly, in some cases the indirect nature of these mechanisms can make it difficult to identify the causative modification that initiated the gene expression cascade. These considerations provide profound challenges for identifying phenotypic changes that can be definitively linked to transgenerational inheritance over multiple generations. For these reasons, some studies identifying transgenerational epigenetic inheritance may be confounded by influences of the parent in each subsequent generation [105] .
Maternal transmission
Parents can influence their offspring in numerous ways, including mechanisms mediated directly through uterine environment, or more indirectly through mechanisms such as behavioral cues. For example, studies have suggested that maternal care in mice is affected by stress, with stressed mothers more likely to produce stressed offspring [106, 107] . However, what was originally thought of as a case of transgenerational epigenetic inheritance was subsequently attributed to alterations in the hypothalamic-pituitary-adrenal (HPA) axis in the offspring [107] . Francis et al. carried out a series of experiments in rats, which involved crossfostering pups from stressed mothers to control mothers [106] . Naturally occurring variations in maternal care, such as licking and grooming (LG) behavior were assessed to observe the effect on offspring stress [106] . They showed that female offspring of high LG mothers showed significantly higher LG behavior (toward their own pups) in comparison to the offspring of low LG mothers. However, cross fostering pups from low LG mothers to high LG mothers resulted in those pups having higher LG behavior in motherhood, which is presumably a behavior learned from the high LG foster mothers or due to factors and stress hormones absorbed during lactation. Although this model provides interesting insights into the influence of maternal behavior on offspring behavior, it does not provide evidence of transgenerational epigenetic inheritance.
During pregnancy a mother, her embryo and the embryo's germ cells may all be exposed to the same environmental influences (via the placenta). This exposure may alter the epigenome in the germ cells of the embryo, and therefore, individuals derived from the embryo's germline (i.e., the mother's grandchildren). In mice, the methylation-sensitive metastable agouti viable yellow (A vy ) allele can influence coat color of genetically identical offspring (Figure 7 ). Mothers fed a diet rich in methyl donors produce a reduced percentage of yellow-coated pups [108] . The increased avail- Review Prokopuk, Western & Stringer ability of methyl donors shifts the coat color toward pseudoagouti due to higher DNA methylation and epigenetic silencing at the A vy allele [109] . In experiments by Cropley et al. pregnant females were fed a methyl donor rich diet, whereas their offspring were not and the coat color of F2 animals also shifted significantly toward pseudoagouti, compared with controls [110] . As the F1 generation was only exposed to a methyl donor diet in utero, this indicates that the diet altered A vy programming in the germ cells of the F1 animals (i.e., the founding germline for the F2 generation). However, the phenotypic effect was heritable for only one generation [111] . Therefore, it is likely that the phenotype was lost through reprogramming in the germ cells of the F2 animals (founders of the F3 generation) [112] . Importantly, this indicates that the effect of feeding methyl donors was maintained only as an intergenerational effect (i.e., only in the offspring derived from the affected PGCs), not as a transgenerational effect.
The A vy allele is controlled by an IAP inserted upstream of the agouti allele. Interestingly, the spectrum of phenotypes in offspring from maternally inherited A vy skews toward the maternal phenotype with a higher proportion of pseudoagouti pups produced by A vy females. However, when the A vy allele is inherited from the father, a higher percentage of pseudoagouti offspring are produced regardless of the father's coat color [108, 113] . One possible explanation for this is that IAPs are more stringently targeted for silencing by the PIWI pathway in the male germline (reviewed in [114] ), leading to greater silencing of the IAP-linked A vy locus. The observed maternal inheritance of the A vy allele was initially presumed to be due to the maternal environment that the pups were exposed to in utero. Yellow A vy mice are obese and hyperinsulinemic, whereas pseudoagouti A vy mice are lean and healthy. These phenotypic differences provide a confounding environmental effect that may alter methylation at the A vy allele in the offspring. However, the results from embryo-transfer experiments and specific breeding schemes indicate that the presence of the IAP in the A vy allele is more likely to retain epigenetic marks when inherited from the oocyte rather than through the sperm [113] . Interestingly, Blewitt et al. demonstrated that the A vy allele is completely demethylated in the blastocyst before implantation suggesting that DNA methylation may not be the inherited epigenetic mark in this case [115] . Although it is possible that DNA methylation leaves a footprint for remethylation after erasure in the epiblast, the observations of Blewitt et al. indicate that epigenetic effects observed using the A vy may be controlled by other epigenetic mechanisms.
To avoid the effects of maternal environment, embryo transfer methods have been utilized to study transgenerational epigenetic effects. Padmanabhan et al. found that a hypomorphic mutation in the mouse Mtrr gene resulted in intrauterine growth restriction, developmental delay and congenital malformations (neural tube, heart and placental defects) [116] . The MTRR enzyme is necessary for the metabolism of folate, a methyl-rich B group vitamin required for successful pregnancy and development of the fetus. Wild-type F2 and F3 offspring showed abnormal developmental phenotypes consistent with their maternal Mtrr heterozygous grandparents. Global DNA methylation was significantly reduced in maternal Mtrr deficient mice, and their F2 and F3 wild-type offspring. To demonstrate that these effects were independent of maternal uterine environment embryo transfers were performed. Wildtype preimplantation embryos derived from pedigrees with one heterozygous maternal grandparent were collected at E3.25 [116] , prior to DNA remethylation during preimplantation epigenetic reprogramming. These embryos were transferred to pseudo-pregnant wild-type females and allowed to develop until E10.5. Growth defects (intrauterine growth restriction and developmental delay) were not observed in the transferred litters. However, congenital malformations (neural tube, heart and placental defects) persisted in animals up to the F3 generation, indicating that the effects were due to transgenerational epigenetic inheritance, although the mechanisms were not identified.
Paternal transmission
Rather than tracing epigenetic effects through the maternal line, it can be simpler to trace epigenetic transmission via the paternal germline. Paternal transmission of environmentally induced phenotypes provides a robust model for studying epigenetic inheritance, as the male contribution to the next generation is mediated only through the sperm, without contribu-future science group Transgenerational epigenetic inheritance: adaptation through the germline epigenome? Review tions from the uterine environment. Females not only have the potential to influence the next generation via the oocyte, but also prenatally via the placenta and postnatally via lactation and maternal care. A recent study of paternal epigenetic inheritance demonstrated that mice exposed to early life trauma sired progeny with reduced fear and insulin hypersensitivity [117] . Deep sequencing revealed that several microRNAs were upregulated in the sperm of the traumatized mice compared with control mice. Reduced fear and insulin hypersensitivity were observed in the F1, F2 and F3 animals compared with control animals. Changes in miRNA expression were observed in blood serum and brain (hippocampus), but not in the sperm of the F2 mice. Injection of the mutant sperm RNAs into wildtype oocytes resulted in offspring with similar behavioral and metabolic abnormalities as those observed in traumatized males [117] . This study provides novel evidence that an RNA-dependent mechanism affects paternal transmission of environmentally triggered traits in mammals.
The rapid global rise in diabetes, obesity and cardiovascular disease suggests that nongenetic factors significantly contribute to disease risk. This has driven debate over the past decade around the possibility that environment can influence disease inheritance through epigenetic mechanisms [118] . While the underlying mechanisms are yet to be determined, environmentally induced inter-and trans-generational effects have been reported [119] [120] [121] [122] [123] [124] [125] [126] . Metabolic effects may be modulated through epigenetic mechanisms induced by high-fat diet. Dunn et al. exposed female mice to high-fat diet before, throughout and after pregnancy [119] . Firstand second-generation offspring of both maternal and paternal lineages showed reduced insulin sensitivity and increased body length. In the third generation only increased body length was detected and this phenotype was paternally, but not maternally, transmitted to female offspring. While these phenotypes were initially transmitted through both lineages, supporting a role for epigenetic inheritance, the mechanisms of this inheritance remain unclear. Furthermore, DNA methylation in the brain (arcuate nucleus) of second-generation offspring was reduced at the promoter region of Ghsr, which correlated with an increase in transcription and a larger body size. However, it was not determined whether this difference in DNA methylation originated in the germline of the first-generation animals. Therefore, although these data provide evidence that glucose homeostasis and body length are modulated by maternal diet/caloric availability in utero, the role for germline epigenetic inheritance is less clear [127] . It remains possible that the in utero environment affects programming of the fetal germ cells, resulting in a phenotype in the second-generation, but further studies are required to determine whether this is the case.
Male mice exposed to folate-deficient diets (FD) in utero and throughout life, sire offspring with multiple musculoskeletal defects and placental abnormalities [128] . Methylated DNA immunoprecipitation promoter array (me-DIP-chip) of FD male sperm compared with control sperm identified DMRs associated with functions in the central nervous system and muscle tissue. In the placentas of FD sired offspring (F2), only 2 out of approximately 400 differentially expressed loci were correlated to DMRs in the FD sperm. However, no differences in DNA methylation were observed at these two loci in the F2 placenta. Therefore, the differences in DNA methylation observed in the sperm are unlikely to have directly caused the observed phenotypes. In a similar study, Radford et al. exposed pregnant females to 50% caloric restriction during late gestation, coinciding with the time of epigenetic programming in developing male germ cells [126] . Caloric restriction decreased DNA methylation at 111 loci, and increased methylation at a further 55 loci in the sperm of F1 male mice. When F1 males (control and restricted calorie groups) were mated to control females and fed a normal calorie diet, differential methylation was lost in the F2 tissues examined (brain and liver of E16.5 embryos). However, differences in gene expression associated with glucose tolerance and metabolism persisted in the absence of differential DNA methylation. In both of these studies [126, 128] it is speculated that gene expression differences might be perpetuated by mechanisms other than DNA methylation, such as histone modifications. Interestingly, global H3K4 and K9 monomethylation and H3K9 trimethylation were reduced in the FD sperm compared with controls [128] , indicating that histone methylation levels may be sensitive to folate availability. However, it should also be noted that folate deficiency has been linked to increased DNA damage and therefore genetic mutations could contribute in these models [129] . Indeed, a marker of DNA damage (γ-H2AX) was detected at higher levels in FD spermatocytes compared with controls. This damage was not observed in mature sperm [128] . Therefore, although it is possible that the observed phenotypes were due to alterations in the sperm epigenome, it is also plausible that aberrant DNA repair mechanisms may also contribute. Therefore, it would be of particular interest to identify specific regions within the genome that are particularly sensitive to folate-driven DNA damage and to determine if these genomic regions are associated with the observed phenotypes. These studies [126, 128] highlight the potential for confounding effects that can influence the interpretation of inherited phenotypes, even when using a paternal inheritance model. [130] . Mutations in either of these genes caused a shift in the penetrance at the A vy allele, such that wild-type animals from heterozygous fathers were more likely to be yellow than offspring sired from a wild-type father. Significantly this work indicates that mutating epigenetic modifiers in the paternal germline can affect gene expression in the next generation through nongenetic information carried by the sperm to the offspring. Moreover, the A vy allele was inherited from the mother, indicating that the effects resulting from the germline epimutations in the male caused a trans-acting effect on gene expression in the offspring. As this type of trans-acting effect is presumably indirect, Chong et al. speculate that RNA or chromatin modifying proteins in the sperm may be responsible for altering expression of maternal alleles in the offspring [130] . Indeed, recent studies using C. elegans have associated small RNAs and histone modifications to multigenerational epigenetic inheritance [99-100, [131] [132] . These studies provide important insights into the relationship between germline epigenetic patterning and mechanisms facilitating the transmission of epigenetic information from one generation to the next.
Adaptive evolution & natural selection
It is possible that with each generation the epigenetic state can change to benefit survival of the offspring, however due to confounding influences in most studies, the significance of epigenetic mechanisms in inheritance remain to be clarified [133, 134] . Although epigenetic modifications have mostly been studied in the context of development and disease, they may also have a role in evolutionary processes. Adaptive evolution, first described by Charles Darwin and Alfred Wallace, involves the gradual process whereby environmental pressure results in the selection of phenotypes within a population that benefit reproductive fitness (survival of the fittest). Over 70 years ago this Darwinian view of evolution was combined with the theory of Mendelian genetics to produce the modern synthesis model for evolution [135] . Under this model, transmission of germline genes is equated to variations in DNA sequence and importantly is not affected by the developmental history of the individual. Selection occurs at the individual level with minimal contribution of group selection. This results in gradual evolution through the selection of individuals with more advantageous phenotypes. It is now clear that soft inheritance [136] , which refers to nongenetic inheritance, such as epigenetic modifications, niche construction and possibly learning and cultural influences, provides a potentially important influence on evolution. For example, mother-offspring interactions in utero or postnatally affect the development of an individual. These interactions could alter both survival and reproductive fitness. If these interactions alter heritable epigenetic marks or are genetically linked, these factors could influence evolution. Heritable epialleles are common in plants, fungi, invertebrates and vertebrates and have been proposed to be particularly important for producing variation and promoting adaptation in the absence of genetic variation [133] . Epigenetic information in the germline, such as genomic imprinting, may also initiate reproductive isolation with variations resulting in incompatibilities within hybrid individuals [137] . Therefore, the modern synthesis view of heredity and evolution has been expanded to incorporate these soft inheritance mechanisms [138] [139] [140] [141] [142] .
Epigenetic processes may have evolved to calibrate organisms to stochastic environments. However, it has also been speculated that extreme adverse environmental influences can promote programming defects in the germline that impair the individual to adapt to environmental stresses [143] . This may be particularly relevant for human societies that have altered diets containing high-sugar and fat, and a greater exposure to toxic chemicals, which may alter epigenetic processes in the germline. A study by Li et al. used a mouse model with natural-onset maternal obesity and diabetes to demonstrate that induced epigenetic changes have an adaptive function [144] . Mice carrying the active A vy allele are predisposed to becoming obese and developing type-2 diabetes [145] . When a/a offspring from obese yellow A vy /a mothers were compared with isogenic a/a offspring from lean pseudoagouti A vy /a mothers after being fed control and high-fat diets, offspring of yellow obese mice showed a latent defect in glucose and lipid metabolism when fed a high-fat diet. Remarkably, this phenotype can be evaded by avoiding high-fat diets. This suboptimal metabolic response is likely the result of damage induced by an abnormal intrauterine environment. Moreover, the molecular changes that occur due to the in utero exposure do not directly indicate disrupted metabolic pathways, but rather developmental ontologies [144] . Therefore, it is possible that programming that occurred in utero facilitated survival of the developing embryo, at the expense of increased disease risk later in life. Although, adult function may be negatively affected, if a mutation promotes early survival and repro-future science group Transgenerational epigenetic inheritance: adaptation through the germline epigenome? Review ductive success, then this adaptation, albeit outwardly suboptimal, will disseminate through the population and influence the evolution of the species [146] .
Genomic imprinting provides another example of what might appear as 'suboptimal' epigenetic inheritance. For imprinting to have evolved, the selective advantage of monoallelic expression must have outweighed the cost of increased mortality due to the increased rate of exposing recessive deleterious alleles. Genomic imprinting affects both the growth and function of organs involved in nutrient supply (e.g., placenta), and thereby modulates fetal nutrient supply and growth [147] . Epigenetic regulation of these factors is vital for both embryonic and maternal survival during pregnancy and lactation [19] [20] [21] 23, 125] . This may provide a balance between nutritional supply that ensures offspring success, and sufficient nutrient restriction that prevents a mother from being disadvantaged to the point of compromised survival or future reproductive success [148] [149] [150] [151] . Genomic imprinting involves complex and strictly regulated mechanisms of epigenetic programming that is essential for development. It is unlikely that such a mechanism of epigenetic inheritance has evolved without evolutionary relevance, and is likely an active mechanism that promotes survival of resulting offspring and therefore the species. Further developing our understanding of the mechanisms involved in epigenetic programming and maintenance of epigenetic modifications in the germline will enhance our understanding of inherited epigenetic information and its possible role in evolution.
Future perspective
While evidence for transgenerational epigenetic inheritance is strengthening, it remains challenging to isolate its specific effects on offspring from confounding factors. New technologies including genome-wide epigenetic studies are beginning to improve our understanding of epigenetic programming in the germline and during preimplantation development. Expansion of this work will provide a more complete scaffold for understanding epigenetic programming and the transmission of epigenetic information between parent and offspring. These new technologies are now being complemented with experimental systems that directly test the function of epigenetic modifiers in the germline by using models such as C. elegans and mice. These models will identify how changes in epigenetic modifications in the germline affect development of the offspring and the epigenetic modifiers that mediate these effects. This is essential to understand
Executive summary
Epigenetic reprogramming in the germline
• Germline epigenetic reprogramming involves the genome-wide erasure and re-establishment of DNA methylation in germ cells.
• This mechanism is vital for the establishment of sex-specific epigenetic information and correct development in the next generation.
• Histone marks are dynamic during germ cell epigenetic reprogramming, with some histone modifications remaining in a 'poised' state.
Preimplantation reprogramming
• Preimplantation reprogramming is essential for embryonic development, allowing cells to proliferate and differentiate into all cell types in the developing embryo.
• Maternal factors such as STELLA and TRIM28 protect imprinted genes from epigenetic reprogramming in preimplantation embryos.
Evidence of epigenetic inheritance
• Epigenetic modifications need to 'escape' both germline and preimplantation epigenetic reprogramming to be inherited in a transgenerational manner.
• Mechanisms maintaining retrotransposon silencing may have been adapted to enable epigenetic inheritance.
Confounding issues of the study of epigenetic inheritance
• Transgenerational epigenetic inheritance is difficult to study, due to limitations in isolating cause and effect, such as separating germline epigenetic changes from confounding in utero effects in the developing fetus.
Adaptive evolution & natural selection
• Epigenetic inheritance may provide evolutionary mechanisms that facilitate adaptation of an organism to adverse environments.
Future perspective
• Further study of how imprinted genes and IAPs escape reprogramming will advance our understanding of how loci are resistant to epigenetic reprogramming.
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future science group Much controversy surrounds the idea of transgenerational epigenetics. Recent papers argue that epigenetic marks acquired through experience are passed to offspring, but as in much of the field of epigenetics, there is lack of precision in the definitions and perhaps too much eagerness to translate animal research to humans. Here, we review operational definitions of transgenerational inheritance and the processes of epigenetic programing during early development. Subsequently, based on this background, we critically examine some recent findings of studies investigating transgenerational inheritance. Finally, we discuss possible mechanisms that may explain transgenerational inheritance, including transmission of an epigenetic blueprint, which may predispose offspring to specific epigenetic patterning. Taken together, we conclude that presently, the evidence suggesting that acquired epigenetic marks are passed to the subsequent generation remains limited.
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Conrad Waddington first used the term epigenetics over half a century ago and defined it as 'the branch of biology which studies the causal interactions between genes and their products which bring the phenotype into being.' A more modern definition of epigenetics is: heritable chemical modifications to DNA capable of influencing transcriptional activity with no direct alteration to the DNA sequence itself. It should be noted that heritable in this definition refers to 'mitotic stability' [1] or, in other words, to the fact that epigenetic information is passed to, and maintained, in the daughter cell upon mitotic division. Certainly, this type of epigenetic heritability is of relevance to cancer research [2] . However, the concept of epigenetic heritability has broadened over the years. Studies have progressively suggested that not only might epigenetic marks be inherited through mitotic processes, but also through meiosis, a concept akin to genetic inheritance. That is, similar to the way we inherited genetic traits from our parents through germline transmission; epigenetic marks might also be propagated forward through the germline to offspring. This notion was fuelled by both research studies in plants and longitudinal epidemiological studies in humans, which have suggested that the effects of environmental influences were observed in subsequent generations. Studies in the plant Arabidopsis thaliana showed that alterations in DNA methylation can be transmitted through several generations [3] . Famously in humans, epidemiological studies examining the Dutch famine found that those individuals who were exposed to the famine while in utero, had increased susceptibility to diseases in adulthood such as, diabetes, cardiovascular disease and obesity, to name a few [4] . These findings begged the question of lastingness, expressly, whether these predisposing factors, which seemingly stemmed from in utero exposure to famine, could be transmitted to the next generation. Though there is no direct molecular link to these major health concerns, second-
Transgenerational epigenetic inheritance:
an open discussion generation offspring was found to demonstrate the same lower birth weights, as seen in first-generation affected individuals [4] . In contrast to the mitotic stability seen in somatic cells, transgenerational epigenetics requires germline transmission of acquired epigenetic information across generations. In cases of male exposure, the second generation may be sufficient to assess transgenerational effects. This is because exposure will affect the F0 male as well as his germline (F1), therefore only starting with the F2 generation can the effects of transgenerational epigenetic inheritance be considered. In females, however, studies require a third generation to test whether any of these DNA modifications are truly transmitted from one generation to the next. This is because one needs to rule out in utero exposure of the second generation to an environmental effect associated with epigenetic changes. As an illustration, exposing a gestating female, her fetus and thus the fetal germline to a given environment, produces an F1 generation with an associated epigenetic change reflecting direct environmental effects through in utero exposure (Figure 1 ). Prior to the F2 generation in males and the F3 generation in female, the inheritance detected in the offspring can only be considered intergenerational, in other words, parental effect due to direct exposure. This is important information to consider when reviewing some of the recent publications in this field.
Early developmental mechanisms: epigenetic reset
Early epigenetic reprogramming has been extensively studied in rodents. Though the same processes of early developmental epigenetic erasure occur in humans, the definitive characteristics and timeline of these events have still to be established [5] . Work in mice has demonstrated that maternal and paternal cells not only undergo a global erasure of DNA methylation but the chromatin also undergoes active remodeling. Global erasure occurs at two points. First, as the primordial germ cells (PGC) or gamete precursors develop and become part of the embryo, the epigenetic landscape is cleared to allow for cellular totipotency and the development of future generations through PGCs. This stage is followed by gametogenesis when the genomes undergo de novo methylation, a process that occurs later in the maternal genome. The second wave of demethylation occurs after fertilization as the gametes fuse to form the zygote (Figure 2) . Here, however, imprinted genes escape the second round of demethylation ( Figure 2, dotted lines) , to carry forward parent-specific monoallelic expression in somatic cells. If epigenetic marks were to be maintained across generations, it is presumably at this point that they could be carried forward. In fact, some loci, including repeated elements such as retrotransposons, do not undergo reprogramming during this phase [6, 7] . Interestingly, Molaro and colleagues [8] found a striking difference in methylation of retrotransposon subfamilies when examining the sperm of humans and chimps. Furthermore, when comparing these sperm methylomes to embryonic stem cells, which they consider a mature germ cell having the product of the two reprogramming events in mammal, they found distinct characteristic, suggesting that sperm and somatic cells have different features, which determine DNA methylation patterns in each cell type. Furthermore, approximately 100 nonimprinted, nonrepetitive genes have been identified as maintaining promoter methylation levels throughout a range of developmental stages, from mature gametes to blastocysts [9] . Nonmammalian organisms on the other hand, appear to not undergo whole genome demethylation upon fertilization [10] . In a comprehensive study using zebrafish, Jiang and colleagues [10] were able to demonstrate that no global erasure occurs at fertilization and by the midblastula stage the embryo's methylome is almost identical to the of sperm, while the oocyte's methylome contribution lessens by the 16-cell state. This suggests that the early reprogramming mechanisms are different between mammalian and non-mammalian organisms.
As mentioned above, both the mammalian maternal and paternal genomes undergo demethylation and they also experience active chromatin remodeling. This is particularly evident for the paternal genome. The process of spermatogenesis in humans requires that anywhere between 85 and 96% of histones be replaced by protamines, resulting in a tenfold compaction of the DNA [12, 13] . It is believed that this process protects the paternal genome from physical and chemical damage. Protamines, like histones, carry post-translational modifications such as phosphorylation. The role of these modifications remains unknown, although they are believed to act similarly to histone modifications altering the availability of the DNA sequencing to the cellular transcriptional machinery [12] . Thus, the majority of paternally derived histone marks are lost during this process while the histones not replaced by protamines are thought to belong to genes expressed early in development [13] . Interestingly, the repressive mark, histone H3 lysine 27 trimethylation, is retained on some genes in the human and mouse spermatozoa. This is arguably another possible avenue for inheritance; conversely, it could be a methodological artifact, and simply be the result of a histone mark being re-established so quickly that its period of absence is not detected. Gradually, studies are demonstrating Transgenerational epigenetic inheritance: an open discussion Perspective the impressive dynamics of chromatin, for example, the protein involved in heterochromatin formation HP1 binds for just a few minutes [14] and the wrapping and unwrapping of nucleosomes, a process which erases histone modifications, is so rapid that the turnover is faster than a complete cell cycle [15] . Thus, the highly dynamic nature of histone marks makes them less likely to act as a mechanism of transgenerational epigenetics. Equally, canonical forms of histones in the maternal genome, such as H2A, are replaced with H2A.Z during early embryonic development [16] . It is thought that H2A.Z is responsible for establishing heterchromatin in early development [17] , furthermore, its absence in the early embryonic development results in death shortly after implantation [16] . The maternal genome has also been shown to transfer components of a repressive complex, PRC1, to the paternal genome after fertilization [18] , resulting in direct silencing in the zygote. At gamete fusion, the maternal genome takes the form of nucleosome, whereas following the histone to protamine exchange during spermiogenesis, the paternal genome incorporates histones from the maternal genome [18] . Importantly, epigenetic processes in early mammalian development result in noncanonical forms of histones in both the maternal and paternal genomes.
Finally, there is interesting epigenetic asymmetry between parental genomes, which remains poorly understood. For example, de novo methylation in gametes, and demethylation after fertilization occurs more rapidly in paternal genome, denoted respectively by the blue and pink line graph in Figure 2 . In males, during protamine removal, the paternal genome is repackaged into new histones, as well as into maternally derived histones, whereas maternal chromatin maintains histone methylation throughout early cleavage [19] . The timing of methylation could be directly related to the presence or absence of histone marks like H3K9me2, which are intimately related to DNA methylation, the absence of this mark may promote DNA demethylation [5] . For instance, PGCs show sex differences in the imprinted Igf2r gene, in both the timing of demethylation in males and de novo methylation in females [6] . This asymmetry is likely an explanation of why some traits are only propagated through one parental line, examples of which are discussed in later sections.
Escaping intergenerational reprogramming
In light of early developmental reprogramming, the question researchers must address is whether certain epigenomic transcriptional drivers, in the form of DNA methylation or histone modifications, escape this prototypical intergenerational reprogramming.
The classic experiment in the agouti viable yellow mouse (A vy ) was the first study to report intergenerational inheritance in mammals. If a repeat element Figure 2 . Very early embryonic development corresponds to epigenetic programing. Primordial germ cells in the embryo undergo global DNA methylation erasure, or 'reprogramming' from their epiblast state (red arrow). This first wave of demethylation is also denoted in the methylation cycle graph depicting both the male and female genomes devoid of DNA methylation, including imprinted genes. Gametes are then de novo methylated at different rates, with maternal methylation marks being established later (graph pink line) than paternal marks. A second round of 'reprogramming' occurs upon fusion of the gametes (sperm and oocyte) producing totipotent or pluripotent cell states. At this point, demethylation occurs more rapidly in the paternal genome (graph blue line), moreover, imprinted genes escape erasure (graph dotted lines) maintaining their methylation marks. Genomewide remethylation occurs in both parental genomes at implantation (green arrow). The timeline denoted in this schematic refer to event in the mouse life cycle. The timeline in humans is not yet full defined, though the events are considered to occur in a similar manner. PGC: Primordial germ cell. Adapted with permission from [11] . [20] . DNA methylation at the promoter region of this IAP, which in turn regulates the agouti gene, is inversely related to its transcriptional activity [20] . As indicated above, repeat elements may escape reprogramming, which appears to be the case for this epiallele that is passed along the maternal but not paternal germline [20] . Interesting as this may be, this is not the result of a past environmental factor being propagated forward via epigenetic inheritance. Though the insertion of the IAP at the agouti locus may not be entirely random [21] , it does not result from the effects of environmental factors. However, once the IAP is inserted and susceptible to methylation changes, environment can play a role. This has been demonstrated by altering the food source of pregnant dams. Diets high in methyl groups such as folic acid or betaine can effectively 'turn off ' the A vy locus by methylating the promoter region of the IAP [22, 23] . Though it is tempting to look at this as transgenerational inheritance, it is rather the result of direct environmental exposure on the germline, and is thus the result of parental influence, more appropriately termed, intergenerational inheritance.
Gamatogenesis
Early life environment is also known to alter methylation states as classically demonstrated through rat maternal behavior paradigms [24] . Caution must be taken when conducting transgenerational experiments to control for both in utero and early life experiences to avoid confounding early-life environmental effects with transgenerational inheritance. To avoid these potential confounding effects, both in utero and in early life, studies in rodent models have focused on paternal lineage as males are not involved in the in utero environment and are less likely to be involved in the early-life postnatal environment. An interesting example of this was found using outbred rats exposed to the fungicide, vinclozolin in utero. As a result, males exhibited diminished fertility over three to four generations of offspring, which was found to be transmitted through the male germline [25] . Interestingly, these effects were not observed with another strain of rats. It is possible that this discrepancy results from methodological differences between studies but it also raises the possibility that interaction with genetic variation might be responsible for the observed effect [26] . If this is the case, it represents an example of secondary epimutations, whereby DNA sequence variants have an effect on epigenetic marks (in cis or trans) [27] . Indeed a number of studies have demonstrated that geneticbased alterations can be responsible for the inheritance of an epigenetic state [28] [29] [30] [31] [32] . In other words, in some cases, transmission of epigenetic marks can be secondary to inherited DNA sequence mutations.
Epigenetic inheritance: acquiring knowledge
A number of recent studies have implied that epigenetic alteration induced by environmental factors affect the behavior of subsequent generations. Vassoler and colleagues [33] found decreased cocaine selfadministration in the first generation offspring of cocaine exposed male rats. The behavioral outcome suggests an almost protective effect of fathers consuming cocaine, which is not consistent with the clinical literature [34, 35] . Molecularly, this is associated with increased Bdnf levels as well as increased H3 acetylation, an epigenetic mechanism potentially responsible for this change. The authors of this intriguing study correctly suggested that more generations are required to definitively conclude that cocaine exposure results in transgenerational epigenetic alterations [36] . Certainly, cocaine itself can alter chromatin states [37] , but it is possible that cocaine directly influenced the gametes of the parental generation, and thus the F1 progeny. In a similar vein, a recent study in Caenorhabditis elegans showed paternal transmission to the embryo of the repressive mark H3K27me3, which is under the control of the Polycomb repression complex 2 [38] . Interestingly, histones containing this mark are not replaced by protamines during spermatogenesis in mammals [13] . This very interesting finding demonstrates mechanistic properties for the propagation of epigenetic marks through generations, but as pointed out previously, there is a need to demonstrate transgenerational inheritance beyond the first generation of progeny.
A study examining early stress in mice addressed the question of whether transgenerational inheritance could be explained by the effect of parental environment on the gametes or through the transmission of acquired epigenetic marks to the offspring, by observing the transmission of depressive-like behaviors up to the third generation [39, 40] . The behavioral traits cosegregated with altered DNA methylation in the male germ line. The same genes were tested for methylation levels in both the F2 sperm and the F2 female brains. The methylation patterns in these cell types were similar, though certainly not identical. However, of note was a discrepancy in behavioral phenotype, where the F1 and F3 males showed depressive-like behaviors but not the F2 males. The depressive-like phenotype was only seen in the F2 females and the molecular changes reported in this study were correlational, as there was no experiment in this study showing a causal link future science group Perspective Nagy & Turecki between methylation changes and phenotype. Furthermore, the exposure of females to stressed males, even for a short period, could have had subtle effects on the female behaviors and hormonal expression, which in turn may have affected maternal care. In vitro fertilization (IVF) of the sperm directly into control females has been used to avoid these potential confounding effects from fathers. When IVF was used in social defeat paradigms, which is an animal model of depression, the depressive-like phenotype that seemed to be propagated forward under normal mating conditions was largely absent [40] . Together, these results suggest that broad behavioral conditioning can be inherited. Although there is a possibility that these may cosegregate with specific epigenetic profiles, additional work is necessary to definitively make such conclusions.
Another study using the same early stress paradigm in mice showed depressive-like behaviors associated with an upregulation of several miRNA in sperm which appeared to affect serum and hippocampal miRNAs levels in the subsequent generation [41] . Because small RNAs are highly present in sperm, they have become candidate vectors for conveying transgenerational inheritance [42] . However, in this study, although the behavioral phenotype was detected in the F3 generation, the miRNA levels of five candidate miRNAs in F2 sperm were unchanged and the alterations seen in these candidate miRNAs from F2 were no longer detectable in F3. The authors suggest that the initial change in miRNA levels resulting from early stress may have been transferred to other epigenetic marks, but give no evidence of this effect. Another study from the same group set out to demonstrate a causal mechanism for the inherited stress responses in the offspring of stressed sires [43] . In this study, the authors were able to pharmacologically induce the same behavioral traits seen in the stressed offspring, with corresponding alteration to gene expression levels resulting from histone methyl-and acetyl-transferase inhibitors, suggesting a causal role for mineral corticoid receptors in the altered stress response of paternally stressed offspring. Here, however, the epigenetic changes seen in the male germline differed from what was found in the adult hippocampus of the offspring, specifically methylation changes where seen in the sperm whereas altered histone modifications were seen in the brains. Collectively, it appears that whatever environmentally induced epigenetic alteration is taking place in one generation may be propagated forward, but as noted above, although possible, it is still premature to conclusively suggest a clear association between one acquired epigenetic mark and transgenerational behavioral phenotypes. An enticing possibility is that epigenetic changes transmitted across generations may act in a probabilistic manner. In other words, these changes are more or less likely to occur in broad genomic regions, resulting in altered behavior without producing a consistent molecular phenotype. A recent paper demonstrating that paternal sugar consumption in fruit flies influences the metabolic properties of the F1 generation, leading to an obesity phenotype, supports this concept. Here, the authors demonstrate that a network of genes is required for proper intergenerational metabolic reprogramming involving a number of changes to chromatin structure. No specific sites were identified but rather a pattern or signature of gene dysfunction was identified as conferring susceptibility to obesity [44] .
Epigenetic inheritance: from rodents to humans
The vast majority of studies examining transgenerational inheritance have been conducted in animals other than humans. Though mice and rats provide convenient models for human disorders and behavioral traits, there are different physiological and biological processes between humans and rodents. For instance, a recent paper exploring the methylation landscape of early human embryos showed features distinctive to humans, specifically levels of methylation and timing of genome-wide demethylation [45] , while another study suggests the symmetry of epigenetic reprogramming cycles may differ between species [6] . Moreover, many transcriptionally relevant epigenetic marks show considerable sequence divergence between mice and humans [46] . Furthermore, information about epigenetic erasure during early development comes primarily from mouse models, and it is possible to be different in humans, but remains, as yet, untested. Transgenerational effects have been observed in humans through longitudinal studies [47] [48] [49] , whereas gene-environment interplay is suspected as a mediating factor in health outcome. Some researchers have attempted to approach epigenetic inheritance using in a systems biology approach, whereby acquired behavioural and physiological changes, are considered through the framework of a "two hit" model. This approach recognizes both, the biology established in a previous generation and the organism's present environment, as involved in the development of these changes [50] . In a study exploring vinclozolin-lineage rats presumed to be carrying epigenetic alterations from previous generations, the authors identified gene network and behavioural alterations associated with the lineage specific rats when subjected to a stress paradigm [51] . Though this study does not answer the question of whether or not these genetic and behavioural changes would have future science group Transgenerational epigenetic inheritance: an open discussion Perspective occurred in the absence of the induced environmental stress (context) nor does it confirm the presence of epigenetically altered states, it nonetheless represents the attractive notion of dynamic interactions between context dependence and "predisposing factors", in this case, environment and inherited epigenetic state. Intuitively, most people can recognize that their environment plays a role in health and behavior, but we still lack conclusive evidence to indicate that such transgenerational effects are explained by acquired epigenetic mechanisms inherited from one generation to the next.
Conclusion
The studies reviewed above suggest that there is some evidence that certain epigenetic marks escape erasure in early development. There is also evidence that certain acquired behavioral phenotypes are transmitted through subsequent generations. Although promising, the evidence suggesting that acquired epigenetic marks cosegregate with acquired behavioral phenotypes remains inconclusive and open to a number of potential alternative interpretations, including methodological explanations.
One should be particularly cautious when interpreting the results of studies testing transgenerational epigenetic inheritance in animals to the lay media or general public. Though likely not the intention, as pointed out previously [52] , animal studies have been vulgarized and commonly anthropomorphized into a public message that overemphasizes the molecular impact of the environment, including parents and grandparents onto their children.
The field of epigenetics is fascinating and holds great potential in medicine, both to uncover disease biomarkers and therapeutic interventions. The results suggesting that acquired epigenetic factors may be transmitted through generations and explain acquired phenotypic traits are promising and intriguing, but nevertheless, studies published thus far have limitations and prevent us from making definitive conclusions.
Future perspective
An important missing link in the study of transgenerational epigenetic inheritance is a mechanism by which gene-regulatory information is transferred from somatic cells to germs cells. Efforts to uncover
Executive Summary
Early developmental mechanisms: epigenetic reset
• Epigenetic reprogramming occurs at two points during early development, after fertilization and in primordial germ cells.
• Some genomic features, such as retrotransposons, as well as certain histone marks can carry forward epigenetic marks in spite of these erasure mechanisms, supporting the possibility that epigenetic marks can be maintained across generations.
Escaping intergenerational reprogramming
• Mice and rat models have been used to show that certain epigenetic marks can escape intergenerational reprogramming, affecting the phenotype of future generations.
• Effects resulting from parental influences result in intergeneration inheritance, which is not to be confused with transgenerational inheritance (effects that survive across generations in the absence of direct exposure).
• Secondary epimutations represent another factor that can influence possible transgenerational inheritance. In these cases, epigenetic marks are secondary to inherited DNA sequence mutations.
Epigenetic inheritance: acquiring knowledge
• A number of studies including recent articles providing mechanistic insight show that epigenetic marks can be inherited intergenerationally.
• Data for transgenerational inheritance on the other hand show certain inconsistencies, which may be suggestive of probabilistic epigenetic changes capable of influencing phenotypic outcome in subsequent generations.
Epigenetic inheritance: from rodents to humans
• It is difficult to provide concrete evidence that transgenerational epigenetics occurs in humans owing to the lack of studies in humans and the physiological and biological differences between humans and rodents.
Conclusion
• There is evidence that epigenetic inheritance occurs intergenerationally by escaping erasure in early development.
• However, evidence is lacking for the co-segregation of acquired epigenetic marks with acquired behavioral traits transgenerationally.
• The field is very promising but more studies are required in order to provide definitive conclusions on the topic of transgenerational inheritance, particularly in humans.
future science group
Perspective Nagy & Turecki these mechanisms have been made in nonmammalian animals. For example, a number of studies in C. elegans have implicated small RNAs in the process of inherited epigenetic marks [53] [54] [55] . It was recently demonstrated in that dsRNA act as mobile elements that mediating intertissue transfer of regulatory information by entering the cytosol via a dsRNA-selective importer [56] . Equally, it has been speculated, notably by a paper discussed here [41] and others [57, 58] , that small noncoding RNAs, like miRNA, mediate soma to germline transfer of regulatory information in mammals, however, experimental evidence in mammals is lacking. Tackling this question in mammals and particularly in humans is an important next step in the research of transgenerational epigenetics.
Moving forward in the field of transgenerational epigenetics requires more precision in experimental design. First, studies should investigate both acquired phenotypic traits and acquired epigenetic marks, and their co-segregation, through three generations at least. In addition to correlational evidence, studies should also investigate causative links between the molecular changes investigated and the phenotypes. Finally, although more difficult to conduct, studies are also necessary in humans.
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